INTRODUCTION
Digestion and assimilation arc vital to the transfer of energy from one trophic level to the next. These processes also influence the distribution and composition of particulate organic matter at all levels in the oceans. Little is known about the formation of particulate detritus or of its importance in sustaining the animals contributing to its formation. A method for determining the fraction of energy removed by the digcstive process each time particulate matter passes through an animal is needed.
Previous estimates of percentage of assimilation by zooplankton range from 6 to 99% (Conover 1964) . Different species feeding on different foods under different experimental conditions no doubt account for some of the variability, but the methods used to measure assimilation may not always give comparable results. The quantity of a radioisotope accumulated in the body of an animal fed labeled food is not a measure of assimilation unless it is corrected for losses due to recycling. On the other hand, the direct measurement of assimilation requires the quantitative recovery l Contribution
No. 1719 from the Woods Hole Oceanographic Institution. This rcscarch was supported by National Science l?oundation Grants G-23134 and GB-3,120. of zooplankton feces, a process that can be difficult even in laboratory experiments bccause pellets arc frequently torn open or reingestcd by actively feeding animals. Particles of foreign matter and "pscudofeces," formed from uningestcd organic matter concentrated by feeding movcmcnts of the copepods appendages, arc difficult to separate from true feces.
The method described in this paper rcquircs neither the quantitative recovery of feces nor knowledge of the amount of food eaten if only the percentage assimilated is required; hence, the method can be used in the field almost as readily as in the laboratory.
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METHODS
The method depends on the assumption that only the organic component of the Eood is significantly affected by the digestive process. If this assumption is correct, it is necessary only to obtain the ratio of ash-fret dry weight to dry weight (fraction of organic matter) for a sample of food and 338 a sample of feces to calculate percentage of assimilation, U', using the equation
where F' and E' are the required ratios for the food and excreta, respectively. The derivation of this equation is as follows. Food assimilated is defined as that amount of the food ingested which is taken in through membranes of the digestive organs of an animal. Then, percentage of assimilation, U', may bc defined as
where I is the quantity of organic matter ingcstcd, and N is the quantity excreted in the feces. Thus, I is equal to the total particulate matter ingested (F) minus its ash (Af) and iV equal to the total particulate matter excreted (E) minus its ash (A,), so that equation (2) can be rewritten
However, At is assumed hence, (3 0 ecomes to be equal to A,;
F' and E', the ash-free dry weight : dry weight ratios for ingested food and for the feces, can now be written
Since Al = A,, equations ( 5) and ( 6) can be rearranged so that 4 F= (1-F')' and (7)
Substituting these values for F and E, equation ( 4) reduces to x1oo'
Food samples for dry weight determination were filtered onto tared, glass-fiber filters. Samples and seawater blanks were washed with isotonic ammonium formate to remove adventitious salts and dried at 60-70C for at least 12 hr. Blank filters generally showed a small weight loss or no change; as there was no, evidence of nitrogen contamination, complete sublimation of the ammonium formate must have occurred. Filters and samples were weighed on a quartz helix microbalance (Microchemical Specialties Co., Berkeley, California) or on a Mettler single pan microgram balance. Weight of sample was determined by difference from the filter tare, after correcting for any weight change in the blank.
Ash-free dry weight was sometimes determined by difference from a second weighing after igniting filters in a muffle furnace at 45OC, but an alternative method gave more reproducible results. When sufficient food material was available, a thick pad was first deposited on a Millipore@ filter of suitable porosity and washed with ammonium formate. A portion was then carefully scraped from the filter with a dull spatula, dried, weighed, ashed, and weighed again.
Fecal pellets were collected in several ways, depending on the type of experiment and food source. If feeding was heavy, sufficient material could be picked up with a fine-bore squeeze bulb pipette in 5 or 10 min. When feces were scarce, they wcrc separated from the food culture by filtration onto a suitable bolting cloth (usually No. 25 Nytex) .
Sometimes pellets were collected in the field with a suspended trap made from an &inch (20 cm) plastic funnel fitted with a shell vial in which the sample accumulated.
Feces thus collected were compared with a surface sample of particulate matter taken at the time the traps were set out. Alternatively, zooplankton were pcrmittcd to feed on natural particulate matter and feces were collected by pipcttc or filtration as described above, Field samples were frozen and returned to the laboratory for analysis. 76.6
* The null hypothesis that there is no difference between means for (8) and (9) cannot be disproved (Wilcoxen matched pairs sign rank test).
Once a sample was collected, it was examined under the dissecting microscope in a Syracuse staining dish and any foreign material removed. If care is taken to keep experimental glassware free from dust and other particulate contaminants, this task is greatly simplified.
The sample was then swirled gently, causing the pellets to accumulate near the center of the dish. Excess water was siphoned off leaving a paste of pellets or, alternatively, large pellc ts were collected into a bolus and directly removed from the water, In either case, pellets were transferred as a lump to the folded edge oE several thicknesses of hard filter paper (S and S sharkskin) and were washed by dropping ammonium formate on them with a capillary tube; each drop was allowed to soak into the paper before adding the next. Finally the bolus was transferred to a small tared platinum pan for drying, weighing, and ashing. As little as 20 pg of pellets could be used to obtain the neccssary ratio with an error of usually less than 15% in the final calculation of assimilation.
In laboratory experiments, Stage V or female Calanus hyperboreus, either from the Gulf of Maine or nearby slope water, were used as experimental animals, Food organisms were chiefly bacteria-free cultures of marine diatoms and flagellates from the Woods Hole Oceanographic Institution collection or natural phytoplankton assemblages. The experiments were run from 12 to 24 hr in l-gallon (4 liter ) , polyethylene containers with small populations of animals ( 20-35) in 2 liters of culture or in pint (0.5 liter) containers with one animal to about 200 ml of medium.
EVALUATION OF THE METHOD
A major fraction of the food of herbivorous copepods such as Calanus finmarchicus consists of diatoms (Marshall 1924; Lebour 1922) . Diatoms have a high ash content, chiefly silica (hydrated SiOa) (Parsons, Stephens, and Strickland 1961) . Although Lewin ( 1961) showed that diatom shells dissolved faster at high temperatures, high pH, and after treatment with acid or chelating agents, dissolution would probably not introduce a significant change in the weight of the ash during the relatively brief passage through the gut of a planktonic herbivore.
To see if copepods might cause the dissolution of silicate from diatom shells crushed in feeding, three sets of Calanus hyperboreus were each placed in a rich culture of Thalassiosira fluviatilis containing a known amount of dissolved silicate, and an additional three sets were placed in filtered seawater of known silicate content. Appropriate controls without animals were included. At the end of 46 hr in the dark, there was no difference in the dissolved silicatc level (as determined by the method of Mullin and Riley 1955) in the containers with animals and those without, whether diatoms were prcscnt or not, Bccausc numcrous fecal pellets were present in the containers with both copepods and T. fluviat&, the animals must have been feeding actively.
On several occasions attempts were made to recover fecal material quantitatively to compare a direct measurement of organic matter assimilated with the ratio method. If the fecal pellets were compact, with little damage due to recapture, and if there was no tendency for clumps of uningested particulate matter to be formed, agreement bctwcen the methods was good with diatom food ( T. fluviatilis).
An cxamplc of another cxpcrimcnt with C. hyperboreus using the dinoElagcllatc Exuviella sp. as a food source is shown in Table 1 . The results of this expcrimcnt arc particularly significant because they suggest that the ratio method may give a reasonable estimate of percentage of assimilation even when the food organism dots not contain a large fraction of rela tivcly inert silica.
BACTERIA IN TIIE FECES
The feces of higher animals are known to contain many bacteria that play an important role in the digestive process. Nothing is known regarding the intestinal flora of the zooplankton, but large numbers of bacteria could contribute significantly to the quantity of organic matter in the feces or break down some of the unassimilated organic matter after defecation. Newell ( 1965) has shown that fresh feces produced by the deposit-feeding molluscs Hydrobia ulvae and Macoma balthica were relatively high in organic carbon and low in nitrogen, but after several days of incubation the nitrogen content in the pellets rose and the carbon level fell slightly. Apparently bacteria were using fecal carbon as an energy source and utilizing some source of dissolved nitrogen to form their own body subs tancc.
To obtain an approximate quantitative estimate of bacterial abundance, C. hyperboreus feces were ground, suitably diluted, and plated on seawater agar enriched with beef extract and bacto-peptone. The counts arc summarized in Table 2 . Assuming each bacterium has a density of one and a volume of 1 @, the highest concentrations observed, 2,700 bacteria per pellet for Thalassiosira fluviatilis and 4,520 for Dunaliella ( 16 October 1963)) would represent as much as ( 13.5 x 10G/lOg) x 100 = 1.35 and 1.05%, respectively, of the total organic matter present in the feces only if the bacteria contained no water or ash. It is doubtful that all bacteria in the feces were favored by the medium used, but even if counts were low by an order of magnitude, bacteria would seldom have contributed more than a few per cent to the total organic content of the feces. When pellets were incubated at 4C ( the temperature at which most of the assimilation experiments were carried out) the total count was lower than at 25C, and the incubation period had to be at least doubled before colonies were large enough to count. When assimilation experiments are run at low temperatures for 24 hr or July 64 8-9
July 64 8-9
July 64 Assuming that the ash content of natural particulate organic matter is unaffcctcd by the digestive process, it should be possible to determine the percentage of assimilation from a natural population by the zooplankton if rcprescntative samples of uneaten organic matter and feces produced from it are available. Corner ( 1961) presented evidence that Calanus helgolandiczcs preferentially selected the organic fraction of the particulate matter in natural seawater off Plymouth, England. If particulate matter was selcctcd on the basis of its organic content, a serious error would be introduced into the calculation of assimilation. On several occasions, feces were found to contain a smaller ash fraction than the particulate matter occurring in the water; but away from the coast where the inorganic particulate fraction might bc affected by material of terrestrial origin, field cstimates of assimilation wcrc usually comparable to labora tory mcasurcments ( Table  3 , cf. Table 1) .
When traps were used to collect feces from different depths, the ash content in pellets from dccpcr water was always higher, indicating a larger pcrccntagc assimilated there than in the surface water ( Table 3) . The values derived from feces captured at 50 or 100 m should be considcred maximum estimates, because some particulate matter at these depths probably has already passed through the intestine of another animal or undergone partial dcgradation by bacteria bcforc ingestion and so has a higher ash content than the pie used for the calculations.
surface sam-DISCUSSION To dctcrminc assimilation accurately by the ratio method dcscribcd in this paper, organic matter and ash must be ingested by the zooplankton in the same proportions as they occur in the natural food. hlternativc methods would also yield inaccurate results if organic material was lost from the particulate fraction without being ingested; other methods generally also require quantitative recovery of feces. Beklcmishev (1954) and Cushing (1955) observed copepods ingesting the cell contents but not the tests of large diatoms. Corner ( 1961) found that C. heZgoZan&cus removed a higher percentage of particulate organic than of inorganic matter from natural seawater taken at the entrance to Plymouth Sound, England. Because the sampling location was near land, a significant portion OE the uningestcd inorganic matter could have been terrigenous. On the other hand, C. hyperboreus completely ingested the test of a large Coscinodiscus but probably lost some of the cell sap during the feeding process (Conover 1966) . About 15% of the carbon removed from a culture of T. fluviatiZis by the feeding of C. hyperboreus was returned to the medium as dissolved organic matter, presumably some through leakage from cells damaged during the feeding process and the remainder through excretion by the animals (Hellebust and Conovcr, unpublished data ) .
At present, the eEfcct of selective ingestion of organic matter or the leakage OE organic matter from crushed cells on the determination OF assimilation by the ratio method cannot be asscsscd. If zooplankton ingest a higher proportion of organic matter than inorganic in their food, as suggested by Corner, the ratio method would give a deceptively low estimate of assimilation, while if the rcvcrsc were true, as suggested by the preliminary experiments of IIellebust and Conovcr, assimilation would appear too high. However, in the laboratory the ratio method gave reasonably consistent cstimatcs of percentage of assimilation of organic matter by zooplankton, whether the food consisted of the diatom T. fluviatilis, with high silica ash content, or the dinoflagellate ExuvieZZa, with a relatively low ash, and results obtained from natural populations agreed well with those from con trolled laboratory experiments.
Whatever the error in the ratio method, the results obtained also compare favorably with some earlier estimates from the litcraturc ( see Table 1 , Conover 1964). Because only organic matter actually removed from the feces (rather than the fraction appearing in the tissues of the animals) is considered, there is no confusion using the ratio method whether assimilation or growth efficiency is being measured (as in many experiments involving radioactive tracers). The quantitative recovery of feces ( a laborious process and subject to error ) is usually necessary to measure assimilation. S. M. EIaq (personal communication) has recently shown that the copepod Metridia Zonga does not consistently form fecal pcllets but dcfecatcs a portion of its undigested Eood in small, unrecognizable fragments. When large quantities of feces are to bc recovered by filtration or centrifugation, care must be taken to keep food cultures uncontaminated by dust, lint, and other fine particulate matter of atmospheric origin that quickly accumulates on glassware, and so on. Cotton plugs, used to keep algal cultures bee from bacterial contamination, contribute considerably to particulate contamination, Although precautions should always be taken to limit the introduction of foreign contaminants, an adcquatc sample for determination oE assimilation by the ratio method can bc recovered by sorting under a microscope cvcn iE a mistake has been made. The mcasuremcnt of the assimilation of individual compounds or componcnts of organic matter such as nitrogen or phosphorus is also facilitated by relating them to the ash fraction. The method has the added advantage of simplicity and low equipment cost.
